Non-invasive geophysical prospecting and a thermodynamic model were used to examine the structure, depth and lateral extent of the frozen core of a palsa near Lake Peerajärvi, in northwest Finland. A simple thermodynamic model verified that the current climatic conditions in the study area allow sustainable palsa development.
Introduction
Palsas are distinctive features in sporadic permafrost regions of Arctic wetlands. The word 'palsa' (of Finnish or Saami (balsa) origin) denotes a hummock with an ice core rising out of a bog. Palsas contain a perennially frozen core of peat or till, and possess a life cycle in the order of 100 years (Seppälä, 1988 (Seppälä, , 2006 Pissart, 2002) . Their growth and decay are driven by the surface heat balance with specific feedback mechanisms, with the critical driving factors being snowfall, snowdrift, liquid precipitation, and air temperature.
Knowledge of the growth and internal structure of palsas (e.g. Seppälä 1988 ,1995 , Gurney 2001 , Pissart 2002 , Hofgaard 2003 , Zuidhoff and Kolstrup, 2005 , Seppälä 2006 , 2011 and the extent of their frozen cores is limited to only a few investigations, where destructive methods were used. The palsa core usually consists of a perennially frozen peat or a till core with ice layers. The origin of the ice layers is discussed in the review by Seppälä (2011) and is either due to ice segregation, core buoyancy, or a combination of both. The core extends below the surrounding peat level and in a mature palsa stage can reach the mineral soil boundary. The core is covered by a peaty active layer. Modelling of the thermodynamics of palsas includes advanced numerical models (An and Allard 1995) and empirical climate models based on air temperature integrals (e.g., Fronzek et al., 2006) .
We employ non-destructive geophysical methods to study the internal structure of a palsa and to map the lateral extent and depth of its frozen core. We combine both summer and winter survey data in order to study seasonal variations in the active layer state. To obtain a regional perspective, the birth and growth of palsas is approached by thermodynamic modelling using an analytic scaling model and forced by given climatic conditions. Together, these methods can be used to examine the physics of palsas in the permafrost zone and to evaluate the climate impact on Arctic wetlands.
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Study Site
The studied palsa is located south of Kilpisjärvi village and close to Lake Peerajärvi, in northwest Finland (WGS84 68.884836º N, 21 .051822º E; Figure 1 ). Several other palsas occur in the surrounding area. The palsa was selected because long time-series data of snow depth are available at the site (University of Helsinki, Department of Biosciences).
The palsa rises ~3 m above the surrounding water-saturated peat. Although the southern slope of the palsa is well preserved, the northern part has been modified by adjacent road construction. Because the road base lies at the northern boundary of the palsa, our study focuses on its southern boundary. Cracking and erosion of the peat occur along the steep slopes of the palsa. Based on the classification in Seppälä (1988) , Gurney (2001) and Hofgaard (2003) , this palsa is a peat-cored, dome type, and probably in its early collapsing stage.
Thermodynamics of Palsas
The surface heat flux forces the growth and decay of the frozen core of palsas. Figure 2 shows the monthly mean air temperatures and snow depths in Kilpisjärvi. Because the annual mean air temperature is -2.0°C, the soil temperature at 10 m depth is probably near 0°C, and the heat flux at the lower boundary of the palsa is probably very small. The soil thermodynamics are then driven by surface fluxes and heat conduction, and the frozen core forms by phase changes after the freezing point has been reached.
Analytical models can be applied to a simple model of palsa birth ( Leppäranta, 1993) .
In the absence of snow and ignoring the heat loss to deeper peat, starting with fully unfrozen peat, the thickness of the frozen layer after the first winter is
Cite as: Kohout et al. 2014 . Permafrost and Periglacial Processes, 25, 45-52. DOI: 10.1002 /ppp.1798 4/25 where f and k f are the density and thermal conductivity of the frozen peat, is the peat porosity, L is the latent heat of freezing, F is the sum of freezing-degree-days, and F 0 is the freezing-degree-days used for cooling the peat to 0°C. In the Kilpisjärvi region, on average F = 1737ºC day. Based on a heat budget analysis for Lake Kilpisjärvi region (Lei et al. 2012 , Leppäranta et al. 2012 , the first cold month (air temperature below 0°C) is used for the cooling, and then F -F 0 = 1726°C day. We can assume 0.3 at the site. The most critical factor is the thermal conductivity of peat; for k f ~ 1 W m -1 ºC -1 we have h 1 ~ 1.8 m.
Adding snow reduces the growth of the frozen layer. Assuming that snow accumulation and the depth of the frozen layer are correlated (by climatology), h s h 1 , Eq. (1) transforms into
where k s is the conductivity of snow. For k f /k s = 5, the thickness of the frozen layer is 1.5 m for = 0.1 and 0.74 m for = 1. The typical regional value of the parameter is ~0.7 but it can be much smaller due to snowdrift. Since snowdrift is more pronounced from the top of a young palsa, heat fluxes at the peat surface are enhanced. Weaker insulation by snow on top of the palsa allows the ice core to grow faster after the initial formation.
Thawing of the frozen peat layer is a reverse process to that of growth. Snow cover must melt first. Then heat is conducted through the thawed peat to the surface of the frozen core to progress thawing as
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where m and k m are the density and conductivity of thawed peat, G is the sum of the positive degree-days, and G 0 stands for the positive degree-days used for snow melting.
The positive degree-day method used for snow melting tells that the melting takes a time
where h s is the snow thickness and A ~1 cm (°C day) -1 is the degree-day coefficient. Kilpisjärvi climatology shows that on average G = 1066°C day and G 0 = 100°C day. The condition for the initiation of perennial frozen ground, and palsa in peat land, is thus obtained from:
For the Kilpisjärvi region, the left-hand side is > 1, while the right-hand side is within about 0.5-3.0, depending primarily on the net accumulation of snow (coefficient , by the approximation h s h 1 ) It is seen that with efficient wind-driven snow transport out of the site (small ), the thickness of frozen peat is enough to persist over summer. In the case of no snow, the left hand side of (4) is 1.5 while the right hand side is 0.5 and the inequality is satisfied. But with normal snow protection of the ground ( ~0.7), we need (F-F 0 )/(G-G 0 ) > 2.3 which is unrealistically high. With < 0.5, the inequality (4) would be satisfied. But for a finite thickness of the palsa core persist over summer, the parameter needs to be much less than the limiting value of 0.5.
When a palsa has survived its first summer, its frozen core continues to thicken. The summer thawing is similar from year to year, but with less snow the thickness of the frozen soil can be doubled from the seasonal average. Spatial air temperature variations are rather smooth, based on comparison with nearby stations (see also Lei et al. 2012) . In contrast, snow accumulation and snow drifting show large variability, which is reflected in the soil temperature evolution and therefore has the key role in the dynamics of palsas. In a growing palsa in the study region, the exchange of heat between the lower boundary of palsa and deeper peat is weak because of the small temperature differences. Degradation of palsas commences by active-layer erosion, that causes more summer melting. Thus, there is a decreasing trend of the active-layer thickness.
For a palsa to become thicker the long run, the heat loss at the bottom becomes significant. This growth takes place independently of the surface conditions:
where h b is the depth of the palsa and Q b ~-0.1 W m -2 is the heat flux at the bottom. This is of a magnitude of 3.5 cm year -1
. In addition, in cold years the thickness of the palsa may increase due to heat loss to the atmosphere:
where h n is the thickness of the palsa at the end of winter n, a is a coefficient (see Eq. 2) and F 1 < F are the freezing-degree-days used for freezing of the surface layer. Since the thawing takes place in the surface layer, there is no melting of the bottom of the palsa, but the depth increases monotonously until the degradation phase. 
Geophysical Survey Instruments and Methods
Three geophysical survey methods were used to study the palsa: ground penetrating radar survey (GPR), frequency-domain electromagnetic ground conductivity mapping (EM), and thermal imaging.
GPR is a non-invasive, geophysical method that provides high-resolution 2D or 3D
images of the subsurface (e.g. Davis and Annan 1989) . GPR transmits radar wave pulses into ground, and the pulses are reflected from boundaries where a contrast in electric permittivity exists (e.g. frozen/unfrozen peat, ice/sediment). Thus, GPR is useful for mapping the near-surface structure of the partly frozen subsurface because of the strong dielectric permittivity contrasts between frozen and unfrozen materials (e.g. Doolittle et al. continuously with 10 cm spacing (using a wheel as a trigger) while towing the GPR along the profile line. Stacking of between 2 and 32 traces (depending on the profile) was applied during the data acquisition. The radargrams were subsequently processed using RadEx software. DC and background removal, trace equalization, amplitude correction, migration, bandpass filtering, and topography correction procedures were applied.
The frequency-domain electromagnetic ground conductivity mapping was measured along the NE-SW profile in August 2011 with a Geonics EM-31 Mk. 2 electromagnetic sounding instrument working at 9.8 kHz with a 3.66 m coil spacing, in a way similar to Kneisel et al. (2008) . Thermal infrared imaging variations in the surface temperature along the profile were measured in August 2011 on a cloudy day using a Control Company Traceable Total-Range DT-380 infrared thermometer 1 m above the ground surface (spot size diameter 12.5 cm).
The surface topography of both the snow-covered (April) and the snow-free (August) palsa was measured using a Topcon AT-F4 theodolite. In April, the snow depth along the profile was measured using a manual snow probe. In August, a 3 m long core through the palsa was recovered using a manual soil probe (core diameter ~2 cm, length 1 m). Three 1 m long, cores were obtained using 1 m long extension bars. Unfortunately, the soil probe was lost during a subsequent sampling attempt (3-4 m depth).
Results

Thermodynamic Analysis
During winter This also holds for long-term averages. At the Saana mountain weather station, the freezing-degree-days are similar to those at the Kilpisjärvi station (1737°C day), and so the inversion in atmosphere temperature is typical here in mid-winter. But the positive-degree- days are much less, on average 630°C day. Although there are no snow data for the top of the mountain, the snow cover there is normally thin and the permafrost condition (4) is well satisfied.
Field Survey
The winter and summer GPR profiles in the NE-SW direction are presented in Figures 5 and 6. Figure 3 shows the snow cover depth over the palsa. It is evident that the imaging capability of the radar differs in winter and summer conditions. In winter, the radar waves penetrate through the cold snow cover relatively easily into the soil. The areas with a deeper snow cover can be identified by the presence of the snow/peat reflector. One has to keep in mind that only structures comparable to or thicker than the radar signal wavelength can be detected.
The radar wavelength is a function of the wave velocity, which itself is a function of the dielectric permittivity of the medium through which the wave propagates. The permittivities of unfrozen peat, frozen peat, and snow are hard to determine as they depend on their exact composition, porosity, and liquid water content. Therefore the radar wave velocity was determined by comparing the apparent snow depth on the radargram to the snow depth measured using the snow probe. The best correlation was received for a radar signal velocity of ~10 cm/ns corresponding to a wavelength and approximate spatial resolution of ~40 cm. Thus in areas with a thin snow cover the snow/peat interface is invisible in radargrams.
A velocity of ~10 cm/ns is also expected to be similar in the frozen peat core (Moorman et al. 2003; Munroe et al. 2007 ) and was selected for the time to depth conversion and for the topography correction. Below the snow the winter radargram ( Figure 5 ) is almost featureless up to approximately 80 ns two-way travel time (~4 m depth). This zone represents the frozen core of the palsa.
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Below this zone a weak reflector is detected beneath the top of the palsa. We interpret this reflector as representing a lower boundary of the palsa's frozen core ( Figure 5 ). The lateral extent of this reflector (and thus the width of the palsa core) is approximately 15 m.
The upper boundary of the frozen core is not visible in the winter radargram. This is most likely due to the fact that in winter the overlying peat is also frozen, and thus there is no contrast in dielectric properties of the seasonally frozen active layer and perennially frozen peat core.
The summer radargram ( Figure 6 ) was distinctly different to that of winter. First, the radar waves were significantly scattered as they reached the uneven and highly porous surface of the relatively dry peat active layer over the palsa. Below the surface, a strong shallow reflector is interpreted as a boundary between the unfrozen active layer and the frozen core of the palsa. The thickness of the palsa peat cover was determined from the recovered core to be 60 cm and correlated to a two-way travel time of approximately 25 ns in the radargram (Figure 6 ). Thus the velocity in the overlying, relatively dry active layer is ~5 cm/ns, which is lower compared to that in frozen peat. This value is similar to that reported by Doolittle et al. (1992) and Brosten et al. (2006) . The velocity in the frozen core remains the same as in winter (~10 cm/ns). As the thickness of the frozen material is greater compared to that of active layer, the velocity of ~10 cm/ns was also selected for the topography correction. The 3 m long recovered core indicated that the frozen core, situated below the top peat cover, consisted of frozen peat with numerous ice lenses up to ~20 cm thick. The lower core boundary, visible in the winter radargram, was not identified in the summer radargram. This reflector was most likely hidden due to a significant portion of the radar energy being attenuated by the active layer in summer. A significant portion of the energy is lost at the top and bottom of the active layer. processed semi-transparent summer red-blue profile over the black-white winter one. For the winter data, a single-layer model with 10 cm/ns velocity was used for the time-to-depth conversion. For the summer data, a two-layer model is necessary due to the presence of the unfrozen active layer. Velocities of 5 cm/ns in the unfrozen active layer and 10 cm/ns in the frozen core are used. The stronger reflectors in the lefthand part of the profile are probably artefacts caused by the base of the road beside the palsa.
For comparison, Figure 8 shows a NW-SE winter profile completed in April 2013 in a perpendicular direction to that measured in 2011. The processing was similar to the 2011 profiles. The frozen core boundary can be traced at the bottom of the profile and the spatial length of the frozen core is at least 30 m in this direction. Possibly, the core continues beyond the profile towards the SE (Figure 8 ).
The surface temperature and electrical conductivity measurements in summer ( Figure   9 ) revealed slightly lower temperature and conductivity values over the palsa.
Discussion
Comparison of the winter and summer GPR palsa surveys shows that it is not possible to accurately map the whole extent of the palsa using a single winter or summer radargram. Instead, the combined winter/summer radar profile is needed.
This may explain why the lower core boundary was not imaged during earlier GPR surveys performed in summer. Results of Doolittle et al. (1992) and Horvath (1998) show the active layer and underlying frozen palsa core, but not the reflector associated with the lower core boundary. As with our summer data, a significant amount of electromagnetic energy was reflected at the active layer / frozen core boundary and thus it was not possible to reliably observe deeper reflectors. A winter GPR survey may help in such cases because the active layer is frozen and has similar dielectric properties to the Cite as: Kohout et al. 2014 . Permafrost and Periglacial Processes, 25, 45-52. DOI: 10.1002 /ppp.1798 12/25 underlying frozen core. Thus, the electromagnetic signal reaching the frozen core is of higher energy.
Similarly to previous GPR palsa results, no significant reflectors are observed within the frozen core itself. This is probably because the ice layers often present within palsa cores are thin, and thus below GPR resolution, and have similar dielectric properties as the surrounding frozen peat. Unlike the profiles presented in Horvath (1998), no diagonal interfaces are identified in our data of the frozen core.
In the combined winter/summer profile, all of the main parts of the palsa (snow cover, peat cover, frozen core, unfrozen base material) are visible. It is also possible to determine the vertical thickness of the core to be approximately 3.4 m. Thus, both winter and summer data are needed to reconstruct the full extent of the frozen core.
The local surface temperature minima observed in summer result from the cooling effect of the palsa core. The frozen core and relatively dry overlying peat (active layer) also reduce the ground electric conductivity compared to surrounding wet peat, as observed in ground conductivity EM mapping.
Thermodynamic scaling analysis based on the analytic model presented here can estimate the thickness of seasonally frozen ground in the region and predict favourable conditions for palsa formation (e.g. thin snow conditions). The long-term growth of the palsa is possible due to heat losses to the deeper peat layers and to the atmosphere in cold years, when the surface layer becomes fully frozen before the end of winter. The relative importance of these two modes of growth cannot be solved from the present data.
Sampling and deep temperature profiling are needed to better understand the long-term growth of palsas. 
